ABSTRACT. Directed RX is a method developed by Clemson University researchers in an effort to optimize zone delineation and assignment of inputs for spatially variable prescriptions. Currently employed methods of variable rate prescription development generally assign rates or products (e.g. hybrids) to pre-defined yield management zones, with a number of studies focused on how to best define these management zones. The rates and products assigned are often based on data generated from conditions not represented in the field for which the prescription is made. Check strips or blocks in conventional prescription assessment allow for adjustment of rates within zones but do not allow for zone boundary refinement. The Directed RX method uses strip tests to spatially integrate yield and therefore profit with site-specific foundation (e.g. soil EC, elevation, and irrigation) polygons, resulting in optimized prescriptions, specific to a field and input. The method allows for layering of multiple datasets for zone foundation and is applicable to prescription development for any input where yield data is available. Tests conducted in 2016 demonstrate potential benefits of the method from case studies in variable rate corn seeding (3-19 USD ac -1 ), dual hybrid corn seeding (2-18 USD ac -1 above variable rate seeding benefit), variable rate soybean seeding (6 USD ac -1 ), and variable rate nitrogen for cotton (11 USD ac -1 ). The Directed RX method requires one year of production to develop the prescription, which can be applied in the following production year. By design, the method puts producers' yield data to work in optimizing their prescription plans for maximum profitability.
Introduction
Variable rate application capabilities exist for most of today's inputs used in row crop production. The underlying goal of reducing input costs and in some cases this is accomplished by increasing yields, but in all cases increasing profitability equates to maximizing revenue with respect to input costs. The prescription plan is the map used by the rate controller, which spatially defines the rates and/or products to be applied. An in-cab computer uses GPS position along with the prescription plan to communicate with the rate controller for any given position in the field. Variable nutrient application rates other than nitrogen are generally dictated by results of zone or grid soil samples, sometimes coupled with yield goals. However, other rates and products such as nitrogen, seeding rate, or hybrid selection are generally less scientifically defined. Several methods exist for assigning these rates, the most common of which involves assignment of a product type or rate of product by zone on the producer's or consultant's expected performance of that zone.
Directed RX is a system being developed by Clemson researchers in an effort to improve these variable rate prescriptions. The central concept of the Directed RX system is to integrate yield data and soils data from a field to optimize the prescribed inputs for that specific field. A unique feature of the Directed RX system is that it does not use generalized test results from ion. In conventional prescription plan development the rates and products assigned to these zones are often based on data generated from tests conducted elsewhere or they are based on grower/consultant speculation of what might be best in each area of the field. Check strips or blocks in conventional prescription assessment allow for comparison of rates within zones but are not valuable for zone boundary refinement.
Variable rate technologies are continually becoming more common in agricultural production. In 1998 only 2% of U.S. farms had adopted variable rate technologies for fertilizer application and less than 1% of U.S. farms had adopted variable rate seeding technologies (Zhang et al., 2002) . By 2016, 16% -26% of U.S. farms had adopted use of variable rate technology (VRT) and 30-40% of corn farms larger than 2,900 ac had adopted VRT (Schimmelpfennig, 2016) . Despite greater implementation of variable rate technologies, methods for spatially assigning rates or inputs have not evolved substantially (Zhang et al., 2002 ! -DeBoer, 2007 . The most common method of variable rate prescription plan development involves dividing the field into sub-areas, either zones or grids, and assigning rates or products to these zones based on soil test results or observed yield results coupled with regional recommendations. These methods of breaking larger fields into smaller, more manageable grids or zones have the advantage of providing the ability to independently manage areas of the field specific to the needs of those areas. However, if optimum input rates are not confirmed in these management zones, then the producer is not maximizing the profit potential of his variable rate equipment (Koch et al., 2004) .
Prevalence of yield monitors in row crop production is also increasing. In 1998 only 1% of all U.S. farms had adopted yield monitoring technologies (Zhang et al., 2002) . Plant (2001) reported that 50 grain yield monitors were sold in the U.S. in 1992 and 17,000 in 1998. Another source indicates in 2002 there were between 5,000 and 10,000 grain yield monitoring units in commercial use in the U.S. and fewer than 200 in use in Australia (Zhang et al., 2002) . Yield monitors were in use on approximately 50% of all corn farms by 2010 and 50% of all soybean farms by 2012 (Schimmelpfennig, 2016) . While the rate of adoption of yield monitoring technologies is increasing, growers are generally not using the data to their benefit. There is no return on investment for a yield monitor if the data generated is not being used to drive improvements in management and profitability. An often missed opportunity of a yield monitor is the ability it provides for a grower to conduct his own on-farm trials to evaluate yield responses to different treatments and management strategies, specific to his land. If collected carefully, the site-specificity of such data has the potential to make the data much more relevant and valuable to direction of his production strategies, as compared to regional or state-level data.
When yield monitor data is used alongside zone management, the general practice is to average the yield data within the predefined zones to arrive at a value used to determine a yield goal for each zone (Koch et al., 2004) . These yield goals, in turn, are then often used along with regional or statewide recommendations for assigning rates or products by zone. This practice has been demonstrated to be superior to whole field management (Koch et al., 2004 " # $%%%), but its shortfall is that the regional or statewide recommendations are not necessarily representative of or developed for the specific agronomic conditions present in the field for which the variable rate prescription is developed.
The Directed RX system for variable rate prescription development involves application of fixed rate input strips and yield data collection across these strips. Spatial soil property data (e.g. soil electrical conductivity, elevation, texture, etc.) is collected and contoured to divide the field into soil foundation divisions he system allows for layering or merging of soil property data. The yield for each input rate is then averaged as a function of soil property division. This method allows for determination of the input rate that maximizes yield or profitability within each soil property division, which defines the prescription to be applied in the subsequent year.
The objectives of the Directed RX method discussed here specifically seeks to address three shortcomings of today's precision agriculture practices: (1) it seeks to maximize profitability by optimizing input rate assignments for each field &'( ) * + &,( t integrates yield data with other measures of spatial variability, rather than compartmentalizing the yield data by zone.
Materials and Methods
The Directed RX system allows for any spatially observed soil property data to be used as a foundational zone. The case studies presented in this paper used soil electrical conductivity (EC) collected with a Veris 3100 (Veris Technologies Inc., Salina, Kans.). Soil EC was collected on 15 m (50 ft) passes and contoured to seven divisions in Farm Works 2016 software (Trimble Navigation Limited, Sunnyvale, Cal.). These contour map polygon datasets were exported as ESRI shapefiles. Fixed rate strip trial treatments were then assigned to each case study, generally assigning one treatment as a rate similar to the growers' normal practices, two rates above the norm, and two rates below the norm. These fixed rate strips were then applied to the case studies, generally in a randomized block design. Polygon definitions of the fixed rate strips were also developed as ESRI shapefiles.
Each case study field was harvested with a calibrated yield monitor. Care was taken to only use yield data from within a # -.
-Polygon Merge Utility, desktop software developed by Clemson University Precision Agriculture, the yield datasets were merged with the polygon datasets. This resulted in a point datasets that included the yield data as well as the strip trial and soil EC polygons in which each yield data point resided. Using JMP 12.0 (SAS Institute, Cary, N.C.) these merged point datasets were then normalized with Box-Cox transformations yield outliers were removed from within each treatment using the interquartile range. After removal of outliers, yield was averaged within each soil EC contour within each strip treatment.
As a function of yield, commodity prices, input rates, and input costs, returns above variable input costs (RAVIC) were calculated for each averaged yield. Yield and RAVIC were then regressed as a function of sequentially numbered EC contour zone (1 through 7, lowest EC to highest EC) within each strip treatment. These regression models allowed for projection and interpolation of yield for EC contours within which no yield data was observed. Within a case study, these regression models predicting yield and RAVIC as a function of EC contour zone were used to represent expected yield and RAVIC for each EC contour division and each strip treatment. From among the strip treatments for each EC contour, the treatment producing the maximum expected yield or RAVIC was selected as the optimum treatment rate. These optimum rates were then assigned to the EC contour divisions resulting in the prescription plan for the subsequent year.
Results and Discussion

Case Study 1: Variable Rate Corn Seeding, Hybrid A
During the 2016 crop year, a 9.7 ha (24 ac) irrigated field in Barnwell County, SC was strip-till planted in 97 cm (38 in) rows with corn (Hybrid A) in 8-row strips at five seeding rates, centered around the growers' typically applied rate: 67, 74, 81, 89, and 96 kseed ha -1 (27, 30, 33, 36 , and 39 kseed ac -1 ). Yield data outside of the irrigation boundaries was not included in the analysis presented here. Shallow (0-30 cm or 0-12 in) EC was used as the soil foundation division for analysis, as seen in Figure 1a . As a function of field area available and to facilitate coordination with the cooperating grower, fixed rate strips were unbalanced and not randomized within blocks (Figure 1b) . Yield data (Figure 1c ) from six rows of each 8-row strip was collected using a calibrated Ag Leader impact plate grain yield monitor. The gaps seen in the yield data represent 12 s start and stop data buffers at positions where the grain tank had to be unloaded. '6$ '0$ '00 '0% ':$ 0%: :9/ :0' :9% 
